The objective of this study was to analyze the results obtained from tests done by simulating the crash landing of a rotary wing unmanned air vehicle with a skid type landing gear. The experimental and computational methods were used in the simulation tests. In the rst portion of the test; namely with the experimental method, the impact loads induced by the simulated crash landing and the stresses, strains, deformations generated by these loads, were recorded by drop test apparatus. In the second portion of the test with the computational method, free falling of the skid type landing gear was modeled and crash landing test was simulated numerically by using ANSYS code. Experimental methods were applied on four skid landing gear specimens with dierent shapes. Each of the test samples used in the following test was evolved because each sample was developed and redesigned based on the feedback results obtained from the former test. The rst three test specimens were manufactured from 2024 T3, 7075 T6 and 6061 T6 aluminum alloys respectively and all of them were curved in Π-form with a solid cross section. The last and fourth specimen was also manufactured from 6061 T6 aluminum alloy and it was curved in a hollow semi-circle form (∩-form). It is concluded that the last and fourth developed specimen was the best in absorbing the impact energy and enduring the crash.
Introduction
Development of Unmanned Aerial Vehicle (UAVs) is an increasingly popular research in both academic and industrial elds. There is a wide range of applications performed by UAVs, such as trac surveillance [1] , reconnaissance [2] , search and rescue [3] , stochastic patrolling and collision avoidance-re detection [4] , re detection [5] , cinematography, and exploration. Compared with xed-wing UAVs, helicopters are capable of performing missions in high risk and demanding environments with exclusive capabilities including hovering, vertical takeo and landing in limited launching spaces, and extremely agile maneuvering. With the growth of electronic technology, onboard avionics are shrinking in size and weight which decreases the payload of the helicopter. Thus, the development of a UAV with a small-scale low-cost helicopter becomes possible and has been investigated by a number of research institutes. For example, the robotics institute at Carnegie Mellon University (CMU) [6] , the MIT UAV team [7, 8] , the University of Berkeley aerial robots team [9] , Georgia Tech [10] , the Stanford Univer-
sity [11] and the Bandung Institute of Technology (ITB)
Department of Aeronautics and Astronautics [12] , have developed fully or partially autonomous helicopters over the past decade.
* corresponding author; e-mail: egunay@gazi.edu.tr Mikhailova [13] with variable thickness and material nonlinearity was constructed for required impact design conditions [16] .
In this study, an unmanned aerial vehicle with a skid type landing gear was subjected to simulated loads and the resulting stresses and deformations resulting from these loads were studied in detail. The analyses were carried out in two dierent stages using both experimental and computational methods. The experimental results which were obtained by using the data of accelerations, stresses, strains, speeds and the mass were compared with the results of nite element analysis achieved by using ANSYS LS-DYNA software. Thus it became possible to verify experimental results by the numerical analysis techniques. Experimental methods were conducted for four dierent type of specimens. These four specimens were not manufactured simultaneously but in fact, each specimen was manufactured in conjunction with the feedback data which was obtained from the previous experiment. Thus, it was possible to manufacture each specimen one after another. The rst three specimens were manufactured from 2024 T3, 7075 T6 and 6061 T6 Aluminum alloys, sequentially. With the conduction of fourth and the last experiment, by considering and analyzing the obtained data, it was concluded that the tube specimen, manufactured from circular crosssectioned material and formed in ∩-shape was the optimum model in absorbing the nearly entire impact energy. Consequently, the fourth model was modeled in the ANSYS nite element software by the implicit dynamics module (LS-DYNA). The input data obtained during experiments were applied to the ANSYS code and with this procedure the nal results were reached [17] .
Experimental studies
Experimental studies performed on four specially produced test skid girder specimens and free drop tests were carried out and controlled by using the electronically conducted test devices. In the experimental studies, the ex- Chrome wheel systems, chrome bearing line and the castermid hummer were preferred to reduce the friction in the experimental setup. The skid girder was attached to the experimental equipment head temporarily with 4 bolts and it was lowered suddenly with the help of a lever.
In real life, skid type landing gears were attached to the helicopters with the welded joint connection, and similar four point connections were made in accordance with the original connection type to these experimental prototypes. In the experiments, four dierent skid girder specimens were tested sequentially. The tested skid girder samples were made of four dierent Aerospace series aluminum alloy materials. Their mechanical properties are given in Table I .
Specications of the free drop test-procedures applied to the skid girder prototypes, are given in Table II . Here, K, Ø refer to the thickness and diameter of the skid respectively. The total weight of the experimental equipment and their fasteners, which were connected to the tester machine, was 7.5 kg. All of the specimens were released from the height of 500 mm. Tests were performed in two stages. In the rst phase of the study, only free drop tests were performed experimentally. In the second phase, both experimentally and numerically studies were performed. The rst group of experiments was performed using the rectangular tube-shaped landing gears.
In the second group of experiments, the circular tubeshaped cross sectional landing gears were manufactured and used. The experiments are described in detail in the following sections. to the test rig, is shown in Fig. 1 , where it is set to 500 mm fall in height. The dimensions of the test specimens are given in Fig. 2 . 
Experimental results
The results obtained from the four experiments are listed in Table III . It was concluded that the best stress distributions were measured on the fourth landing gear specimen when compared to other specimens. According to the results obtained from the rst three experiments, it was determined that this crash loading caused concentration of maximum stress distributions at the cutting edges of the skid gear, instead of homogeneous stress distribution over the entire structure.
The results were evaluated from two perspectives; the rst perspective was related with the cross sections of the skid gear and the second one was related with the shape of its bent segment. In other words, the use of circular cross sections in place of the rectangular ones caused homogeneous distribution of the stresses in the tubular skid gear structures. Application of skid gear arms with circular cross section, instead of sharp corners, caused the uniformly distributed stresses in the structure and thus these geometries have prevented the stress concentration at specic points of the object at crash landing. Photographs of the Π sharp-shaped and ∩ soft-shaped skid landing gear are shown in Fig. 3a and Fig. 3b respectively.
Stress and strain measurements showed a progressively decreasing values, inversely proportional to the cross sectional area of the landing skid gear of specimens 1, 2 and 3 respectively. The rst tubular specimen had 2 mm thickness, while the second and third skid landing gear had tube thicknesses of 3.5 and 5.5 mm respectively. The fourth bridge cradle had a thickness of 2.5 mm (wall thickness), nearly equal to that of the rst bridge cradle. The fourth sample also had a circular shape while the rst bridge cradles had a rectangular cross section (Fig. 2b, Fig. 2f ). Accelerations of the free falling object and then the time dependent force distributions, just after the impact motion occurred, were measured by strain gauges. Strain gauges were attached to the specimens at four points (Fig. 3) .
The acceleration versus time curves of four test specimens are presented in Fig. 4 . The load-versus-deection curves of left and right legs are shown for comparison in Fig. 5 . It was shown that the deections of left legs (Fig. 5a, 5c , 5e, 5g) of the skids were smaller than those of the right legs (Fig. 5b, 5d, 5f, 5h) . In comparison of the measured acceleration and force data, it was shown that the fourth, cross tube ∩ shaped specimen, gave lower values than the other three samples. The structure of this case, as mentioned above, was most suitable for dissipation of the impact energy.
Numerical simulations of crash landing tests by nite element analyses
Mathematical modeling of the free fall of the skid type landing gear and its crash to the ground were simulated by two successive numerical solutions. In the rst step, the fourth experimental landing skid gear model was validated by using the nite element code ANSYS. In the second step numerical results were modied by using a new design geometry (Table IV) (Table IV) . The data obtained from experimental measurements during the time interval between 0 and 1.5 msec (time interval the ground impact) were applied to the last numerical model. As can be seen in Fig. 6 , 36 dierent force values were plotted during 1.5 milliseconds. (Fig. 8a), (ii) the maximum elastic strain: ε max = 2.077 × 10 −5 (Fig. 8b), (iii) the equivalent von-Mises stress: σ max = 98.481 MPa (Fig. 8c) , (iv) maximum principle stress: σ max = 114.52 MPa (Fig. 8d) .
Conclusions
The results of the verication process, obtained from experimental methods, were taken into account during the numerical simulations, in order to obtain the best design for skid gear. Based on this study the following conclusions were reached:
The experimental procedures were repeated under the similar conditions by increasing thickness of tubular section of the skid geometry. Thus, the dimensions of nite element model changed accordingly. Though the analysis was validated, it was observed that the prototype specimens of the landing gear manufactured for the fourth experiment still undergo considerable amount of plastic deformation during landing. The analysis was carried out repeatedly with ANSYS in order to obtain an optimized model, and it was showed that the new prototype numerical model of landing gear was 1.5 times safer.
As the nite element analysis and the experimental stress and strain values were compared, a 9.67% error was detected.
As it is concluded from the references cited in the work, the desired feature of a skid type landing gear is that it must be able to absorb the nearly whole impact energy, formed during landing, by remaining in the elastic zone, and when the impact ends, it is expected to regain it's original shape. In our study, this condition was fullled with approximately 10% error, the work was assumed to be complete and it was determined that the landing gear model satised physically the desired safety criteria.
